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3. ABSTRACT 
ATLSS Report # 03-27: PITA Project PIT-276-01 - Laboratory Investigation of Glass Fiber 
Reinforced Polymer Bridge Slab to Reinforced Concrete Parapet Connection Details Final 
Report By Clay Naito, Seoksoon Lee, and Fyiad Constantine 
This report evaluates the performance of the connection between a glass fiber reinforced polymer 
(GFRP) bridge slab and a conventional reinforced concrete parapet.  Performance is evaluated 
with respect to the AASHTO LRFD Specification Section 13 Railing Design Requirements and 
the overall failure mechanism of the system.  Four full-scale specimens were studied in three 
research phases.  Two specimens A and B in the first phase were duplicates of the as-built 
Dubois Creek Bridge. Two specimens C and D in the second phase were developed to improve 
the connection between parapet and FRP slab.  In the third phase, rehabilitation methods for 
specimen C and D were developed and tested to assess techniques of repairing a damaged 
system.   
The research shows that fabrication techniques of the FRP play a vital role in the strength of the 
system.  Poor fabrication (specimen A) led to brittle fracture of the slab at 20% of the expected 
capacity.  Non-destructive evaluation of the material should be conducted prior to service to 
ensure system integrity.  When properly fabricated, the cellular construction used by Hardcore 
Composites creates a robust slab system.  Results show that a properly fabricated slab remains 
composite up to the ultimate load of the parapet and that the connection details used for the 
Dubois Creek Bridge provide enough strength to exceed the demands imposed by the AASHTO 
TL-2 load level.  Unfortunately, current anchorage methods rely on reinforcement-to-resin 
transfer and passive confinement of the top skin.  To prevent a brittle failure, anchorage of the 
slab reinforcement using headed bars and bonding wafers should be used to reduce bond loss and 
damage to the slab system.  Use of the anchorage methods presented allow for full development 
of the reinforcement at the interface between the parapet and slab.  The improved technique also 
decreases the translational stiffness between the parapet and slab.  
An external steel bracket is designed as a retrofit for the system.  The steel rehabilitation bracket 
resists parapet impact loads by yielding of the vertical leg and fracture of the tensile anchor.  The 
external bracket provides a robust repair method for damaged parapets on FRP slabs or other 
systems where the deck anchorage reinforcement cannot be easily repaired. The use of a newly 
cast parapet and bracket compares well with the original strength but with improved 
displacement capability.  Repairing a damaged parapet with high strength grout and an external 
bracket will result in a less effective repair (than complete replacement) but still provides a 
system that greatly exceeds the design strength.  Economical advantages may outweigh the 
marginal loss in strength that is achieved from this repair.  The improved connection details and 
retrofit details used meet the performance criteria of NCHRP 350 under static loading.  Dynamic 
testing should be conducted to verify the performance of the FRP under real time impact loads.  
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4. BACKGROUND 
Traditionally, bridge parapet to deck connections are made between concrete and steel, where 
both the deck and parapet are steel or steel reinforced concrete structures. Thanks in part to the 
long history of these systems and the significant research on concrete and steel structures the 
expected behavior is predictable. In the case of the parapet to deck system, connections are made 
such that the safety provided by the parapet is directly related to the level-of-service of the 
structure. Thus a bridge with a high speed limit would need a parapet that could withstand a high 
velocity impact. The optimal case for the system being one where on collision the deck system is 
undamaged and the parapet absorbs the energy of the impact through yielding.  This minimizes 
damage to the bridge deck which could compromise the structural integrity of the system. For 
bridges, the typical parapet is a reinforced concrete fixture usually mounted to the top of the deck 
provided that the edge thickness of the deck is at least 8.0in. 
The development of new structural materials such as fiber reinforced polymers (FRP) has led to 
new alternatives for bridge decks.  These new FRP decks systems are typically composed of 
sheets of glass reinforcing fibers infused and set in a poly ester or vinyl ester resin matrix. The 
other types of reinforcing fibers used are carbon and Aramid (usually called Kevlar), fused with 
epoxy resins. Carbon and Aramid fibers set in epoxy resins are considerably more expensive 
than glass and as such are not commonly used in bridge systems.  
The benefits of FRP decks are that they are: 
- Light weight, thus reducing the dead load, and increasing the live load capacity 
- Corrosion resistant, so a long service life expected 
- High strength 
- Fabricated in a controlled environment, thus ensuring high quality level 
- Environmentally friendly 
- Easily installed 
The drawbacks of FRP decks are that they are: 
- More expensive than typical reinforced concrete decks 
- Material is brittle 
- Characteristics and performance in bridge applications is not well known  
FRP decks are generally made in two ways: 
1. Sandwich or honeycomb method using vacuum assisted resin transfer molding (VARTM) 
techniques. 
2. Pultruded tubes bonded together with adhesives.  
FRP materials have been used for the construction of short-span bridges (20-60ft.), in locations 
where data regarding the performance can be accurately gathered. It is only after gaining a full 
understanding of the composite material that it can be utilized on longer span bridges, and one 
day provide an effective alternative to concrete and steel decks. Other Universities have been 
performing tests on the physical capacities of FRP composites, and have initiated the deck 
replacement using the composites. Along with the Transportation Research Board (TRB) and the 
Federal Highway Administration (FHWA), extensive testing has been going on regarding the 
suitability of FRP.  
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Lehigh University and the ATLSS Center, is investigating connection details for conventional 
reinforced concrete parapets and honeycomb FRP deck slabs for the Pennsylvania Department of 
Transportation (Penn DOT). It is hoped that by understanding the way in which the reinforced 
concrete parapet and the FRP deck handle impact loads, that safer, more ideal deck systems may 
be built to handle the eventualities of everyday vehicular use. The research also serves to 
broaden the knowledge base of FRP materials in bridge building, and to bring into being a 
standard by which FRP structures may be designed.  
The research program evaluates the performance of the connection between a glass fiber 
reinforced polymer (GFRP) bridge slab and a conventional reinforced concrete parapet.  
Performance is evaluated with respect to the AASHTO LRFD Specification Section 13 Railing 
Design Requirements and the overall failure mechanism of the system.  The test specimens are 
based on the Dubois Creek Bridge Demonstration Project constructed in Pennsylvania 
Department of Transportation District 4 (Figure 1). The program was conducted at the ATLSS 
Research Center of Lehigh University.  
 
Figure 1: Dubois Creek FRP Slab Bridge 
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5. OVERVIEW 
The project undertaken by ATLSS Center, Lehigh University, is to evaluate the connection 
strength between a reinforced concrete parapet and FRP deck according to AASHTO standards 
for a test bridge, Dubois Creek Bridge. Gravity load tests have been performed on deck system 
but little evaluation of the interaction between parapet and deck have been studied. 
The major concerns for the as-built system are: 
1. What is the load capacity for the system? 
2. Which component(s) of the system will succumb first under loading? 
The first step was to identify possible mechanisms of failure, or precursors that initiate failure in 
other components for the existing structure.  They were identified as: 
1. Crushing of the concrete parapet 
2. Yield and fracture of the reinforcement between the parapet and deck 
3. Yield and fracture of the steel reinforcement within the deck 
4. Tension or flexure failure of the top flange of the of the deck  
5. Buckling of the bottom flange of the deck 
6. Buckling of the deck web due to overturning of the parapet 
7. Pullout of the reinforcement from the deck 
Using an appropriate physical model of the actual system, the modes of failure are evaluated. 
Inadequacies of the existing bridge system are identified and new details are developed and 
tested as part of the research program. 
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6. EXISTING BRIDGE DESIGN 
The Dubois Creek Bridge is located in the Great Bend region in Northern Pennsylvania. The 
bridge consists of two (2) 20’x15’ FRP deck panels supplied by Hardcore Composites Inc., 
Delaware, placed side by side on reinforced concrete abutments (Figure 2).  
30'
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Figure 2: Bridge configuration 
Each panel covers the full span of the bridge (20 ft.) and half the total width. Steel reinforced 
concrete parapets 42-inches high are surface mounted to the bridge deck.  The parapet is 
connected by a pair of reinforcement bars at 8-inch spacing embedded in the deck and concrete 
parapet and coupled at their interface by means of a threaded splice. The embedded deck 
reinforcements are placed at the seam of the composite material thus relying on the bond strength 
of the resin-polymer matrix. At the center of the bridge, an FRP epoxy grouted lap joint is used 
to connect the two panels. 
6.1. FRP Bridge Deck System   
The bridge deck is an innovative self supporting FRP honeycomb structural system.  The 
construction consists of multiple sheets of glass fiber are placed on the bottom flange.  This is 
followed by the placement of individual Styrofoam “bottles” (8in x 8in x deck thickness) 
wrapped in glass fiber reinforced polymer sheets.  The bottles are placed side by side and 
sandwiched between a top and bottom GFRP skin.  The system is then vacuum-infused with 
resin using a vacuum assisted resin transfer method (VARTM) technique developed by Hardcore 
Composites, Inc.  The specimens used in the research program directly model the fabrication and 
construction methods used for the existing bridge; the system details are discussed in later 
sections.  
6.2. AASHTO Parapet Design 
The parapet is designed according to the American Association of State Highway and 
Transportation Officials (AASHTO) design specifications. The design forces for the railing 
system is based on the traffic volume crossing the bridge, the level-of-service in the area, the 
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speed limit, and design vehicle used in testing (usually a truck). The design force, as defined by 
AASHTO, is the equivalent static force that represents the dynamic force imparted to a railing 
system by a specified vehicle impacting a railing at a designated speed and angle. From this 
definition, reference may be made to TABLE A13.2-1 Design Forces for Traffic Railings, to 
quantitatively assess the design performance of the railing.   
  
Figure 3: Railing design requirements (From AASHTO 2000) 
The Dubois Creek Bridge was built with a surface mounted concrete parapet designed to meet 
the TL-2 test level.  This required that the deck resist a transverse force of 27 kips acting at 20-
inches from the deck surface.  
The primary goal of the research program is to assess the performance of the connection used 
between the deck and parapet.  AASHTO design A13.3.1 states that the ultimate flexural 
resistance of the bridge deck or slab be determined in recognition that the deck is also resisting a 
tensile force, caused by the transverse component of the impact force. The design method 
assumes that the yield-line failure pattern occurs within the parapet only and does not extend into 
the deck. Thus it is assumed that the deck is sufficiently strong to force the yield line failure to 
remain in the parapet. AASHTO A13.1.2 states that reinforcing steel for concrete barriers shall 
have embedded length sufficient to develop yield in the bars. The flexural strength and rigidity of 
the FRP deck and the bond strength developed between the reinforcement and the composite 
material are examined as part of the research program. 
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7. EXPERIMENTAL RESEARCH PROGRAM  
Four full-scale specimens were studied in three research phases.  Two specimens A and B in the 
first phase were duplicates of the as-built Dubois Creek Bridge. Two specimens C and D in the 
second phase were developed to improve the connection between parapet and FRP slab.  In the 
third phase, rehabilitation methods for specimen C and D were developed and tested to assess 
techniques of repairing a damaged system.  This report summarizes the results of the research 
program. 
7.1. Testing Methodology 
The objectives of the program were to: 1) determine the capacity of the FRP slab/parapet 
assembly when subjected to transverse loading, 2) determine if yielding occurs in the parapet or 
in the deck, 3) develop the improved connection design between parapet and FRP slab, and 4)  
develop a rehabilitation for strengthening of current design.  The capacity of the assembly is 
compared to the AASHTO design levels for traffic railings as tabulated in AASHTO LRFD 2000 
Table A13.2-1.  As a reference these values are presented in Table 1.  As required in the 
AASHTO specification, the load P should be distributed on the parapet over a length Lt, at a 
minimum height of He.  Due to the location and low traffic demands the bridge system was 
designed for test level 2 (TL-2).  Consequently, the load was applied to the specimens at a height 
of 20 inches from the slab.  Load was applied under displacement control at near static rates 
(maximum of 0.015 in./sec).  Strain, displacement, and load data were recorded throughout the 
loading process. To correlate the different design test levels with the performance of the 
specimen, the design load values (P) are scaled to a load (P’) to produce the same over-turning 
moment at the FRP slab to RC parapet interface.  This is achieved by scaling the test levels with 
respect to the 4.0ft TL-2 width, Lt, and 20-in. application height, He, used in the design (Eq.1).   
Level TL-1 TL-2 TL-3 TL-4 TL-5A TL-5 TL-6 
P [kips] 13.5 27 54 54 116 124 175 
Lt [ft] 4 4 4 3.5 8 8 8 
He (min) [in.] 18 20 24 32 40 42 56 
P’ (Scaled) [kips] 12.15 27 64.8 98.74 116 130.2 245 
Table 1: AASHTO Table A13.2-1 (modified) 





= −
−
− He
He
Lt
LtPP TL
TL
TL
2
2
2'  (Eq.1) 
Design of the parapet is conducted by applying a load over a width of 3.5 ft, 4 ft, or 8ft.  No 
displacement restraint is imposed over the load application width thus allowing for a non-
uniform deformation and formation of a yield line failure mechanism of the parapet.  This 
behavior is consistent with the loads applied by a vehicular impact.  Due to the safety reasons the 
experimental study was conducted under a uniform displacement applied over the 4ft width at a 
height of 20 inches; this precluded the occurrence of a yield line mechanism.  To address this 
deficiency, the measured experimental capacity is compared with the AASHTO yield line 
estimate later in the report. 
7.1.1. Load Rate 
Parapet loads are typically imposed in a dynamic short duration manner.  To provide a closer 
observation of the progression of failure the subassemblies are examined at much slower speeds.  
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The tests are conducted at quasi-static displacement rates.  Concrete improves in both strength 
and stiffness as a result of high load rate.  Consequently the strengths and stiffness produced in 
the research provides a conservative prediction of the parapet response to impact. 
7.2. Test Configuration and Boundary Conditions 
The bridge subassembly is examined relative to the TL-2 design level (Table 1). As previously 
discussed this corresponds to a 27 kip load applied over a 4ft width at a height of 20 inches from 
the slab.  Conventional experimental investigations are conducted using a constant deformation 
or a point load.  Since these methods do not coincide directly with the design requirements, 
comparative finite element (FE) investigations of the bridge and experimental subassembly were 
conducted.   
Two models were developed: one for the bridge system and one for the subassembly.  The model 
is comprised of four-node quadrilateral isoparametric shell elements for the FRP slab, eight-node 
isoparametric solid brick elements for the concrete parapet, and two-node translation spring 
elements are used to model the tensile reinforcement connection. The nodes on the compression 
face of the parapet are tied to the FRP slab (Figure 4a).  The tensile nodes are tied to the deck 
using a spring element in the Z-direction and fixing translation between the nodes in the x and y 
directions.  
a)  
b)  
Figure 4:  Finite element model of test specimen with applied uniform displacement of 0.05-in. 
(Szz shown) 
To examine the contribution of the parapet stiffness and deck flexibility to the connection 
behavior, a larger bridge was modeled (Figure 5a).  The additional flexibility resulting from the 
larger bridge provides a worse-case scenario for the connection performance.  Three cases are 
applied to the full bridge model: 
• Uniform displacement at 20 inches from the slab top surface 
• Uniform load of 27 kips applied over a 4ft width at a 20 inch height (TL-2) 
• Point load of 27 kips applied at a 20 inch height 
The stress in the global Z-direction is plotted as contours on the deformed FE models (Figure 5).   
The TL-2 load (c) produces a nonlinear deformed shape to the parapet and produces high levels 
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of tensile stress in the parapet at the end supports.  A point load (d) produces a similar demand 
on the parapet.  A uniform deformation applied to the length of the parapet produces a greater 
demand to the parapet (b).  This is further illustrated in the comparison of the tensile forces in the 
anchorage reinforcement (Figure 6a).  Imposing a uniform deformation produces an increasing 
demand on the reinforcement near the slab supports, while the TL-2 loading will produce the 
highest demand near the load.  Based on financial restraints the specimen was chosen to measure 
4ft wide by 10ft long (Figure 4b).  Comparing the reinforcement demand over the center 4ft 
section of the bridge reveals that all methods of loading provide comparable connection demand 
(Figure 6b).  Consequently, a uniform deformation is chosen for the experimental subassemblies. 
The boundary conditions of the existing bridge consist of vertical, longitudinal, and lateral 
restraint at the abutments.  The flexibility of the deck relative to the parapet varies along the 
span.  At the abutment, the FRP slab is essentially fixed.  At the midspan, the FRP slab is 
partially restrained by the torsional stiffness of the FRP slab.  To provide an upper bound on the 
results, the experimental subassembly is modeled as fixed near the center of bridge and free at 
the parapet (Figure 7).  These boundary conditions represent the greatest support flexibility that 
the parapet should experience and will thus provide an upper bound on the expected 
deformations.  The applied loading and fixity of the FRP slab produces constant flexure along 
the FRP slab.  A span of 10 ft was used to minimize any boundary condition stress disturbances 
in the parapet-FRP slab connection region.   
  
 
Legend 
 
a) FE model (Diana)  b) Szz due to uniform deformation 
  
a) Szz due to 27 kips over 4-ft d) Szz due to 27 kip point load 
Figure 5:  Finite element model of bridge with transverse load 
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Figure 6:  Force in tensile reinforcement from FE analysis 
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The test setup is detailed in Figure 8.  A large capacity hydraulic actuator (with 230 kips pulling 
capacity) was used to apply the uniform displacement.  Preliminary calculations estimate the 
nominal flexural strength at bottom of concrete parapet wall to be 2300 kip-in (115 kips of 
applied load).  To provide a factor of safety against failure of the testing frame and supports all 
setup details were designed to support up to 200 kips of applied load. 
FRP SlabReinforced Concrete
Parapet
  
(a) Plan View 
Actuator with Load Cell
and Displacement Transducer
W12X136 Restraint Beam
2' 812"
20'
4'-1118"
5'
1'-8"
1'-734"
5'   
(b) Elevation View 
Figure 8: Subassembly configuration 
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8. PHASE 1 – AS-BUILT SYSTEM PERFORMANCE 
8.1. Specimen Configuration 
Two identical 4 ft wide and 10 ft long FRP slab specimens A and B were fabricated to be 
consistent with the details used in the Dubois Creek Bridge.  The FRP slab was fabricated using 
an arrangement of bottles shown Figure 9.   Two lines of bottles are placed between the parapet 
reinforcement providing an intermediate web for stiffening of the slab flange (Figure 9 and 
Figure 10). The steel epoxy coated reinforcement (grade 60) and reinforced concrete parapet 
geometry of specimen A and B are also consistent with the detail used for the Dubois Creek 
Bridge (Figure 11 through Figure 14).   
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Figure 9: FRP slab configuration for test specimens 
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Figure 10: Configuration of FRP slab skin on specimen 
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Figure 11: Specimen A 
 
Figure 12: Specimen B 
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Figure 13: Parapet configuration for specimen A and B 
(a) Specimen A (b) Specimen A and B 
Figure 14: Specimen after fabrication of parapet 
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The FRP slabs were fabricated using a vacuum assisted resin transfer method (VARTM).  The 
technique used by Hardcore Composites requires that the top deck remains unrestrained during 
VARTM process.  This results in an undulated surface on the top portion of the slab (the wearing 
surface).  The variations for specimens A and B were measured at two sections: 2.5 ft and 5.0 ft. 
from the exterior parapet face.  Measurements were taken every 4.0 inches.  The maximum 
variation is shown on the right of each profile.  The variation ranged from a minimum deviation 
of 0.75 in. to a maximum of 1.25 inches (Figure 15). To address this variation in the Dubois 
Bridge, an additional layer of resin was applied to create a level wearing surface.  The leveling 
resin was not applied to the experimental specimens so that the surface could be properly 
instrumented and observed. 
 
Figure 15: FRP slab for specimen B close-up 
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Figure 16: Measured FRP slab A and B surface profile 
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The integrity of the FRP slabs were investigated using simplified non-destructive and destructive 
techniques.  Non-destructive techniques consisted of impact sounding of the slab surface with a 
light hammer.  A variation in tone from a high to low pitch is indicative of incomplete resin 
transfer.  This technique identified the potential presence of voids in Specimen A.  Specimen B, 
C, and D appeared to be sound.  Specimen A and B were saw cut after testing to further examine 
the presence of voids; visible voids were not observed.   
8.2. Phase 1 – Material Properties 
8.2.1. Concrete 
A concrete mix design (class AA) was chosen to match the mix design record from the Dubois 
Bridge for specimen A and B.  The mix design is included as Appendix 1.  The compressive 
strength on the day of the experiment was calculated from the strength-time results (Figure 17). 
The computed compressive strengths are 4.6 ksi and 4.7 ksi for specimen A and B, respectively.  
Concrete compressive strength testing was conducted according to ASTM C39.  Three 6x12 
cylinders were tested and averaged. 
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Figure 17: Parapet concrete strength of specimen A and B 
8.2.2. FRP 
The FRP material testing was performed by Hardcore Composites.  The strength and stiffness of 
the material was determined for different fiber orientations and is computed per layer of fiber 
(Table 2).  The strength of the material is computed for the different directions of material 
orientation.  The fiber orientation on the test specimen and bridge were illustrated previously 
(Figure 10).  The average strengths and stiffness are tabulated.  The design strength is noted as 
less than 20% of the average strength to provide an adequate factor of safety against brittle 
fracture.  The arrangement of fibers on the test specimens are detailed in Table 3 and Figure 10.   
Age  Concrete 
Strength
Standard 
Deviation
[days] [ksi] [ksi] 
8 3.78 0.13 
15 4.07 0.09 
64 4.61 0.22 
68* 4.62 - 
92* 4.74 - 
132 4.88 0.19 
*Computed 
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8.2.3. Reinforcement 
The reinforcement consisted of grade 60 ASTM A615 reinforcement.  All bars in the concrete 
were epoxy coated.  Attachment of the FRP slab and the parapet was made using a threaded 
coupler system (Figure 19) produced by Dayton-Richmond.  The female end of the coupler is 
built-up to eliminate facture within the coupler.  The male end of the bar, however, is not 
significantly strengthened, consequently fracture at or near the threads is likely.  The bar 
anchored in the FRP slab was not coated with epoxy.  Reinforcement properties are presented in 
Table 4.  
 
Figure 18: Embedded reinforcement coupler 
Table 2: FRP properties [Hardcore 2001] 
QM6408 Strength [psi] Stiffness [ksi] 
(Nom. Thickness = 0.072") Average Std. Dev Design Average Design 
Warp Tension (0º) 70,770 7,731 9,515 3,750 3,375 
Warp Compression (0º) 62,130 4,196 9,908 4,140 3,375 
Fill Tension (90º) 47,870 860 9,058 2,860 2,574 
Fill Compression (90º) 47,200 4,808 6,555 3,360 2,574 
Short Beam Shear (0º) 6,730 407 1,102 - - 
Short Beam Shear (90º) 5,890 417 928 - - 
In-Plane Shear 26,080 3,155 3,323 1,000 900 
Table 3: Fiber layout for Specimen A and B 
Total Fiber Density [oz / sq. yd.] Location Fabric Type 
No. of 
Layers 0ο 90ο 45ο -45ο Mat 
Top and Bottom Skin QM6408 6 157.2 96 72 72 4.5 
Side Skins QM6408 2 52.4 32 24 24 0 
Front and Back Skins QM6408 3 78.6 48 36 36 2.25 
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Table 4: Reinforcement properties 
Description Bar size ASTM Yield Stress 
[ksi] 
Ultimate strength 
[ksi] 
Stirrups & transverse bars #5 (epoxy coated) A615M Gr.60 72.3* 112.2* 
Transverse bars #6 (epoxy coated) A615M Gr.60 - - 
Embedded bars #6  A615M Gr.60 - - 
Anchored bars #6 (epoxy coated) A615M Gr.60 - - 
*mill certification     
8.3. Phase 1 Global Response 
Deformation and load were measured at 20-in. from the base of the parapet.  This location was 
chosen to correspond with the AASHTO TL-2 design criteria.  In addition to the global 
deformation eight other displacements were measured (Figure 19).  These include:  (∆1) flexure 
of the parapet, (∆2) rigid translation of the parapet, (∆3) rotation of the parapet about the FRP 
slab, (∆4) axial deformation of the FRP slab, (∆5) flexural deformation of the FRP slab, (∆6) 
global slip due to horizontal translation of the FRP slab, (∆7) deflection of the loading frame, and 
(∆8) global rotation of the FRP slab support.  All deformations and rigid displacements were 
measured relative to the location of the applied loading at 20” from the base of the parapet.   
To measure these deformations, twelve displacement transducers and three inclinometers were 
used. The arrangement of external instrumentation is illustrated in Figure 20. Global deformation 
of the system was computed using WP1 and subtracting the deformation components due to ∆6, 
∆7, and ∆8.     
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Figure 19: Displacement components 
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Figure 20: Global instrumentation 
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8.3.1. Load Deformation Response 
The measured load-deformation response of the two specimens was similar.  Differences in 
construction may have contributed to the variation in performance.  Specimen B has a marginally 
stiffer response than A, compare the global stiffness of A and B at the TL-2 level, 133kip/in. and 
148kip/in., respectively.  Specimen B has a greater deformation capacity than A, compare the 
ultimate displacement capacity of A and B, 1.55in. and 1.69 in., respectively.  Specimen A has a 
higher load capacity than B, compare 151.0 kips and 138.1 kips, respectively.  The measured 
load displacement response indicates that very little ductility occurred.  This correlates with the 
brittle failures observed during the experiments. 
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Figure 21: Global Load-Deformation 
8.3.2. Observed Progression of Failure 
The observed response and failure modes of the two specimens differed.  Specimen A formed 
cracks in the external webs at very low loads while B did not.  This difference justifies the stiffer 
measured response of B (Figure 21).  Visible gap opening was noted in both specimens prior to 
the TL-2 level.  At higher load levels (beyond TL-2) loud noises were heard near the connection.  
This was found to correlate to slip of the reinforcement from the FRP slab.  Near the ultimate 
load level, cracking of the tensile face of the parapet occurred at 10in. from the base.  Both 
specimens failed in a brittle manner resulting in an abrupt separation of the parapet from the 
bridge FRP slab.  The mechanism of failure was different for each specimen.  In specimen A, 
fracture of the top flange occurred at the location of the tensile reinforcement.  This resulted in a 
compatible tearing failure of the external webs.  In specimen B, all six reinforcing bars on the 
tensile face of the parapet pulled out simultaneously resulting in rotation of the parapet and 
crushing of the parapet compression face.  The failure progression is summarized in Table 5 and 
Figure 22.  
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Table 5: Failure progression for specimen A and B 
Specimen A 
A1. Cracking of the external webs 
A2. Gap opening (FRP slab-to-parapet 
interface) 
A3. Slip of reinforcement  
A4. Cracking of parapet 
A5. Fracture of top flange and exterior webs 
Specimen B 
B1. Gap opening (FRP slab-to-parapet 
interface) 
B2. Slip of reinforcement  
B3. Cracking of parapet 
B4. Pullout of tensile reinforcement  
B5. Crushing of parapet compression face 
 
 A1  B1
 A2  B2
 A3  B3
Figure 22: Failure progression 
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 A4  B5
 A5  B5
Figure 22, Continued 
8.3.3. Energy Adsorption 
The energy adsorbed by the system was computed from the area under the load-displacement 
curve (Figure 23).  The energy adsorbed at the ultimate displacement was 142.3kip-in (16.1 kJ) 
for A and 164.9kip-in (18.6 kJ) for B.   
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Figure 23: Energy due to response 
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8.3.4. Phase 1 Local Deformation 
Deformation of the system components were computed using the aforementioned 
instrumentation (Figure 20).  The deformation components as a percentage of the total 
deformation are presented in Figure 24 and Figure 25. The FRP slab flexural response makes up 
the majority of the system deformation.  At the TL-2 level the flexural deformation makes up 
approximately 45-50% of the total deformation.  The shear translation of the parapet remains 
stable over the loading history, contributing to 10 to 20% of the total deformation.  At low 
demands the flexural deformation of the parapet contributes 10 to 15% of the deformation, as the 
demand increases the localized yielding and slip at the interface takes over resulting in an 
increase in the rigid rotation of the parapet.   
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Figure 24: Component deformations A 
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 Figure 25: Component deformations B 
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Gap opening between the parapet and the bridge FRP slab initiated immediately on loading 
(Figure 26).  Gap opening continued at a constant rate up to approximately 100kips.  After this 
level, gap opening progressed at a more rapid rate, as a result of slip and yielding of the 
reinforcement at the parapet-FRP slab interface.  Continuation of this mechanism would allow 
for the development of much greater system ductility.  However, pullout and fracture of the FRP 
slab occurred prior to full activation of this mechanism.   
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Figure 26: Gap opening at face of parapet 
8.4. Phase 1 Local Response 
To evaluate the progression of failure due to internal failure at the parapet to deck connection, 
strain gages were installed (Figure 27 and Figure 28).   Strain rosettes A and B in the top flange, 
and C and D in the bottom flange evaluate the flexural performance of the FRP slab.  E through J 
evaluates the buckling characteristics of the FRP slab webs.  Since the maximum moment in the 
parapet occurs at the interface between the FRP slab and the concrete, 29, 30, 31, 34, 35 and 38 
are used to evaluate flexural damage.  32, 33, 36, and 37 measure the strain of the steel 
reinforcement embedded in the FRP slab to evaluate the bond between FRP slab and steel 
reinforcement.  The instrumentation used is summarized in Table 6.  Due to the construction 
process a number of gages were damaged, the list of operational strain gages is noted.  Positive 
strain is tension unless otherwise noted. 
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Figure 27: FRP slab strain gage layout 
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Figure 28: Parapet strain gage layout 
 
Table 6: Instrumentation list 
ID Location Operational? 
  A B 
1 Web of bottle 4 (vertical) - parallel to parapet Yes Yes 
2 Web of bottle 4 (diagonal) - parallel to parapet Yes Yes 
3 Web of bottle 4 (horizontal) - parallel to parapet Yes Yes 
4 Web of bottle 1 (horizontal) - perpendicular to parapet Yes Yes 
5 Web of bottle 1 (diagonal) - perpendicular to parapet Yes Yes 
6 Web of bottle 1 (vertical) - perpendicular to parapet Yes No 
7 Web of bottle 1 (horizontal) - parallel to parapet Yes Yes 
8 Web of bottle 1 (diagonal) - parallel to parapet Yes Yes 
9 Web of bottle 1 (vertical) - parallel to parapet No Yes 
10 Web of bottle 2 (horizontal) - parallel to parapet Yes Yes 
11 Web of bottle 2 (diagonal) - parallel to parapet Yes Yes 
12 Web of bottle 2 (vertical) - parallel to parapet Yes Yes 
13 Web of bottle 3 (horizontal) - perpendicular to parapet Yes Yes 
14 Web of bottle 3 (diagonal) - perpendicular to parapet Yes No 
15 Web of bottle 3 (vertical) - perpendicular to parapet Yes Yes 
16 Web of bottle 2 external (vertical) - parallel to parapet Yes Yes 
17 Top flange of bottle 4 (parallel to parapet) Yes Yes 
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Table 6, continued 
18 Top flange of bottle 4 (diagonal to parapet) Yes Yes 
19 Top flange of bottle 4 (perpendicular to parapet) No No 
20 Top flange of bottle 1 (parallel to parapet) Yes Yes 
21 Top flange of bottle 1 (diagonal to parapet) Yes Yes 
22 Top flange of bottle 1 (perpendicular to parapet) Yes Yes 
23 Bottom flange of bottle 4 (parallel to parapet) Yes Yes 
24 Bottom flange of bottle 4 (diagonal to parapet) Yes Yes 
25 Bottom flange of bottle 4 (perpendicular to parapet) Yes Yes 
26 Bottom flange of bottle 1 (parallel to parapet) Yes Yes 
27 Bottom flange of bottle 1 (diagonal to parapet) Yes Yes 
28 Bottom flange of bottle 1 (perpendicular to parapet) Yes Yes 
29 Interior face of concrete parapet (20" from side) Yes Yes 
30 Exterior face of concrete parapet (20" from side) Yes Yes 
31 1" up O.C on re-bar 13.75" from back wall of parapet 20" O.C. in from side No No 
32 3" down O.C. on re-bar. 13.75" from back wall of parapet 20" O.C. in from side Yes Yes 
33 3" down O.C. on re-bar. 2" from back wall of parapet 20" O.C. in from side Yes No 
34 1" up O.C. on re-bar. 2" from back wall of parapet 20" O.C. in from side Yes No 
35 1" up O.C on re-bar 13.75" from back wall of parapet 4" O.C. in from side Yes No 
36 3" down O.C. on re-bar. 13.75" from back wall of parapet 4" O.C. in from side Yes No 
37 3" down O.C. on re-bar. 2" from back wall of parapet 4" O.C. in from side No No 
38 1" up O.C. on re-bar. 2" from back wall of parapet 4" O.C. in from side No Yes 
8.4.1. Buckling of FRP Slab Web 
Web buckling behavior was evaluated to ensure that premature failure of the FRP slab did not 
occur.  Based on the applied loads and geometry, three boundary conditions are considered.   
A. All edges are simply supported. 
B. Vertical edges are simply supported and horizontal edges are fixed 
C. All edges are fixed 
Due to the cellular construction each web is supported by the flanges of FRP slab on the top and 
bottom and on the sides by webs from adjacent cells (or bottles).  The web is assumed to consist 
of one cell (Figure 29). The top and bottom flange measure 0.432 inch thick and the webs 
measure 0.144 inches.  Consequently, the boundary condition for global buckling of the web is 
between case A and case C.  The global buckling stress and strain for the two cases can be 
determined using plate buckling theory; the formulation is shown below.  The measured web 
buckling strain is bounded by the analytically derived values for the fixed and simply supported 
edge conditions, 0.00246 and 0.00126, respectively (Figure 31).   
  Page 31  
16A
0
20
40
60
80
100
120
140
160
-0.002 -0.0015 -0.001 -0.0005 0 0.0005
Strain
Lo
ad
 [k
ip
s]
16B
12A
1A
1B
12B
9B
 
Figure 31: Vertical web strain 
The measured web strain indicates that the two exterior webs were subjected to compression as a 
result of lateral loading of the parapet (see strain gages 9, 12, and 16).  Webs in the vicinity of 
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Figure 29: Web loading 
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where, E = 4140 ksi : Compressive modulus of elasticity 
 ν = 0.215  : Poisson’s ratio 
 t = 0.144 inch  : thickness of web 
            K for uniformly compressed and simply supported rectangular 
            plate: 
a / b 2.2 2.4 2.7 3.0 
K 3.32 3.40 3.32 3.29 
a / b = 2.502 
373.3)4.2(
4.27.2
40.332.340.3 =−−
−+=
b
aK  
Therefore, σcr = 4.74 ksi, and εcr = 0.00126  
Assuming all edges clamped: 
        K = 6.549, σcr = 9.211 ksi, and εcr = 0.00246 
Figure 30: Buckling example 
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the tensile parapet reinforcement (strain gage 1) acted in tension resisting pullout (Figure 31).   
Strain gage 1A has a rapid loss of tensile strain after approximately 100kips.  This could be 
indicative of slip of the tensile reinforcement or delamination between adjacent bottles.  Strain 
gages 12 and 16 compare well between specimen A and B up to approximately 100kips.  After 
this level the external web strain (strain gage 16) in B increases rapidly while the adjacent web 
relaxes (12).  This supports the pullout failure observed for specimen B.  As the pullout occurred 
the external reinforcement begins to act as a tension anchor and the external web is highly 
strained.   The strain on the compression edge of the parapet (strain gage 16) reached a value of 
0.0015 at the ultimate applied load.  This value is on the order of the lower bound prediction of 
critical buckling strain for the simply supported condition but well below the value for the fixed 
condition.  The nonlinear response of the exterior strain gages indicates that the exterior web of 
the slab approached buckling at an exterior load of 120kips.  Inspection during the experiment, 
however, did not reveal any visual local or global buckling of the external FRP slab web. 
8.4.2. Slip Between Bottles 
The adjacent FRP slab bottles act as one up to approximately 80% of the ultimate load level.  An 
expanded view of adjacent strain gages, 9 and 12, in specimen B is shown in Figure 32.  These 
strain gages were placed within each bottle prior to fabrication.  The strain between the two 
bottles match up to approximately 120kips at which time the strain on the internal bottle returned 
to zero.   This indicates a delamination between the two bottles near the compression face.   
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Figure 32: Intra-bottle slip  
8.4.3. Reinforcement Behavior 
The integrity of the reinforced concrete parapet connection to the FRP slab relies on proper 
anchorage of the reinforcement in the concrete and the FRP slab.  Failure of this connection 
could result from one of four possible modes: A) pullout of the reinforcement from the parapet, 
B) pullout of the reinforcement from the FRP slab, C) failure of the threaded reinforcement 
12
9
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connection, and D) yield and fracture of the reinforcement.   Since the occurrence of mechanism 
A, B, and C would result in a brittle failure of the parapet, mechanism D is the ideal failure 
mode.  The system was instrumented to evaluate if this mode of failure occurred. 
The reinforcement initiated with yielding in the concrete parapet and failed by loss of bond and 
pullout from the FRP slab.  The reinforcement was instrumented above and below the 
concrete/FRP interface.  The strain in the compression reinforcement anchored in the FRP slab 
goes into tension on load application (Figure 33).  This tensile strain on the compression face 
may be indicative of dowel action on the bars.  Instead of the bars bearing in the FRP slab in 
compression the global shear deformation of the parapet may have produced an effective shear 
pullout of the bars.  The bars anchored in the compression face of the parapet behave in a more 
conventional manner.  In specimen A, the reinforcement starts out in compression and goes into 
tension at 120kips.  This transition could be indicative of a change in the neutral axis of the 
section.  In specimen B, the reinforcement remains in compression.  This difference is most 
likely a result of the different failure modes of the two specimens.  Specimen A was able to reach 
a higher flexural demand than B, thus allowing the compression reinforcement to go into tension. 
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Figure 33: Strain in reinforcement on compression face 
The strains measured on the tensile reinforcement on the inside face of the parapet exhibited 
significant yielding and slip (Figure 34).  Yielding occurred at low load levels on the bars 
anchored in the concrete (strain gage 35A).  This measured yielding is supported by the presence 
of a pullout cone observed on the concrete surrounding the reinforcement (see Figure 37f).  The 
bars anchored in the FRP slab exhibited compatible tensile strains (strain gage 32A and 36A).  
The rapid increase in the strain on the embedded reinforcement (noted by “I”) is indicative of a 
partial loss of bond between the reinforcement and the FRP slab.  As the demands increase the 
34, 38
33, 37
31, 35
32, 36
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bond near the interface fails.  Due to the inherent brittle properties of the FRP material this 
occurs rapidly producing a sharp increase in the measured strain.  A rapid reduction in the strain 
occurred at higher demand levels (noted by “II”).  This indicates a dislocation of the 
reinforcement from the FRP slab.  Once the bond is lost over the entire length of the bar it slips 
allowing for the recovery of the elastic strain.  As shown, this effect occurred at multiple stages 
until the tensile strain returned to zero.  
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Figure 34: Strain in tensile reinforcement 
As discussed previously, pullout of the reinforcement from the FRP slab was the primary failure 
mode for specimen B.  This behavior was measured on both specimens.  The pullout and slip 
behavior of the bars from the FRP slab and concrete can be visually observed in the failed 
specimens.  Figure 35 and Figure 36 illustrate the cross-section of specimen A after failure of the 
top flange.  A magnified view of the reinforcement is shown in Figure 37.  The response of the 
specimen was non–symmetric.  Small concrete pullout cones, indicative of yielding, were visible 
around reinforcing bars 1, 4, 5, and 6.  Bars 2 and 3 did not show any damage to the surrounding 
concrete.  This indicates that the deformation occurred primarily in FRP slab.  This is supported 
by the gap visible at the end of the bar 2 (Figure 38). 
AASHTO requirements on anchorage states in section A13.1.2 that “reinforcing steel for 
concrete barriers shall have embedment length sufficient to develop the yield strength.” As 
shown in Figure 34 the reinforcement within the slab A and B do not achieve yield due to slip.  
Consequently the current detail used does not meet AASHTO design requirements.   
34, 38
33, 37
31, 35
32, 36
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Figure 35: FRP slab-parapet section (A) 
 
Figure 36: FRP slab section (A) 
a)   b)   c)  
d)   e)   f)  
Figure 37: Reinforcement anchorage specimen A 
 
 
 
Figure 38: Visible slip of reinforcement in specimen A and B 
A
B
B
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8.4.4. FRP Slab Flexural Response 
Specimen A failed due to fracture of the FRP slab top flange at the line of the tensile 
reinforcement (Figure 39 and Figure 40).   The compressive strains on the top flange at 5 3/8” 
from the face of the parapet reached a value of 0.003 (Figure 41 A22).  This is significantly less 
than the predicted ultimate strain capacity of the FRP material.  Strain near the critical region (at 
the line of tensile reinforcement) was not measured due to loss of the instrumentation during 
fabrication.  The experimental configuration used, however, places the slab in uniform flexure 
(Figure 7c).  Consequently, the strain at the line of reinforcement should be on the order of 
0.003. The expected ultimate strain of the FRP material is 0.017 (from Table 2, ultimate fill 
tension strength/stiffness).  The occurrence of tensile failure of the top flange at a strain less than 
20% of the material capacity supports the nondestructive evaluation conclusions that specimen A 
was not fabricated well. The contribution of fabrication errors to the failure of specimen A is 
further supported by comparison to specimen B.  The strain demands measured on specimen B 
exceeded that of specimen A for the same load level (Figure 41 and Figure 42).  Nevertheless, 
specimen B maintained its flexural FRP slab capacity until failure of the parapet/FRP slab 
connection.  In addition, no cracking of the webs were observed in specimen B.  
 
Figure 39: Top flange fracture surface 
  
Figure 40: External web fracture surface 
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Figure 41: Longitudinal strain in top flange of FRP slab 
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Figure 42: Longitudinal strain in bottom flange of FRP slab 
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8.4.5. Pull-Out Test for Embedded Reinforcement in FRP Slab 
The pull-out capacity of a #6 reinforcing bar was evaluated to assess the resin/reinforcement 
bond strength.  To examine this issue, additional bars were embedded in the slab deck of 
specimen B and tested after the parapet study was complete.  The pull-out test setup is detailed in 
Figure 43.  A hydraulic jack was used to apply tension to the embedded reinforcement.  Two 
displacement transducers were used to measure the displacement of embedded reinforcement at 
the top interface and at the bar end.   
Loading
Hydraulic Jack
Load Cell
Wire Pot
LVDT
1'
4'
3'-934"
10'
 
Figure 43: Configuration of Pull-out Test for specimen B 
The pull-out test resulted in slip due to bond loss followed by fracture of the embedded 
reinforcement.  The measured load versus internal displacement of the bar and versus the bar slip 
is shown in Figure 44 and Figure 45, respectively.    The bar slipped at 23.7 kips.  This was 
followed by a re-engagement of bond and a maximum load resistance of 34.07 kips.  The 
reinforcement then simultaneously slipped and began to yield.  This resulted in a fracture of the 
bar within the slab at a force level of 28.36 kips.   
The behavior observed in the pullout test was mirrored in the parapet testing.  A partial loss of 
bond between the reinforcement and the FRP slab occurred at a lateral load of 44.4 kips in 
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specimen A (Figure 34, strain gage 32A).  The corresponding tensile force in the reinforcement 
at this level can be approximated using moment equilibrium about point “a” in Figure 46.  For 
simplicity, the compressive force due to concrete parapet was ignored.  The tensile force at first 
slip was 13.2 kips (Equation 2).  Similarly, the force in each tensile bar in specimen B at the 
ultimate lateral load of 138.1 kips was 40.9kips.  The first slip occurred at a lower load than 
expected and the ultimate load was marginally higher.   
The inconsistency between the subassembly and the pullout test results are due to the presence of 
tension in the top fiber.  Due to the applied lateral load, the top skin goes into tension while the 
bottom skin undergoes compression (Figure 47a).  In the pullout test, the top skin is not stressed 
(Figure 47b).  This improves the slip resistance of the bar by allowing it to rely on the passive 
confinement provided by the top skin.  In the real system, the top skin is strained in tension thus 
the clamping force of the top skin is reduced.  This leads to the earlier slip in the real system.  
This behavior also leads to the ultimate pullout failure of the bars as observed in Specimen B.  
To eliminate this failure mode the parapet to slab connection should be improved.   
20[ .] 144.4[ ] 13.2[ / ]
11.25[ .] 6[ ]
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Figure 44: Displacement of reinforcement Figure 45: Slip at the bottom of reinforcement 
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1'-134"
 
1'-8"
1114"
TCs
Load
a
 
Applied
Load Pullout and
Tension on
top skin
Pullout with NO
Tension on
top skin
a) b)
Figure 46: Free body diagram of parapet Figure 47: Loading on embedded reinforcement 
8.5. Phase 1 Conclusions 
In phase 1, two reinforced concrete parapet to FRP slab subassemblies were fabricated to the 
design standards of the Dubois Creek Bridge.  These subassemblies were loaded laterally to 
failure under displacement control.  The results of this phase can be summarized in the following 
points: 
• Fabrication techniques of the FRP play a vital role in the strength of the system.  Poor 
fabrication of specimen A led to brittle fracture of the slab at 20% of the expected 
capacity.  Non-destructive evaluation of the material should be conducted prior to 
service to ensure system integrity. 
• When properly fabricated, the cellular construction used by Hardcore Composites 
provides a robust slab system.  Results show that the slab remains composite up to the 
ultimate load. 
• The connection details used for the Dubois Creek Bridge provide enough strength to 
exceed the demands imposed by the AASHTO TL-2 load level.   
• Gap opening between parapet and the slab can be observed prior to the TL-2 load level.  
Due to the elastic behavior of the system the gap will close on unloading.  
• The ultimate failure of the parapet to slab connection is due to brittle bond loss of the 
reinforcement embedded in the FRP slab. 
• Current anchorage methods rely on reinforcement-to-resin transfer and passive 
confinement of the top skin.  To prevent a brittle failure the anchorage of the 
reinforcement in the slab should be improved. 
• Current embedment details do not meet AASHTO A13.1.2 design requirements.   
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9. PHASE 2 – ANCHORAGE IMPROVEMENTS 
Phase 2 was conducted to develop improved anchorage techniques for the reinforcement 
embedded in the FRP slab.    
9.1. Specimen Configuration 
Two 4 ft wide by 10 ft long FRP slab specimens, C and D, were fabricated (Figure 48).  The 
specimens differed in the location of the 4 inch spacer block.  This difference was deemed to 
have a negligible effect on the flexural response of the slab.  The connection of parapet and FRP 
slab was designed to PennDOT TL-2, using #5 embedded reinforcements for specimen C and #6 
embedded reinforcements for specimen D (Figure 49 and Figure 50).  Reduced size of 
reinforcement at parapet-to-FRP slab connection in specimen C resulted in lower pullout demand 
on embedded reinforcement and flexural demand on FRP slab.  Additional skin of FRP sheeting 
was used to cover the top layer of FRP slab to avoid the fracture of FRP slab (Figure 51).  The 
FRP quantity used in exterior face, top, and bottom skins, is comparable to the Dubois Creek 
Bridge.  The variations are discussed in detail in section 9.2.   
Embeded
reinforcement
for parapet
5@8"
=3'-4" 4'
1'-734"
1'-1012"
4"
10'
1'-4"
Spacer
Adjustment
558"5
5
8"2
1
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Plan View Specimen D
Side Elevation Specimen C and D
9@8" = 6'
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Embeded
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8" 5
5
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Figure 48: FRP Slab Configuration of Specimen C 
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Figure 49: Parapet configuration for specimen C 
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Figure 50: Parapet configuration for specimen D 
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9.1.1. Anchorage Detail 
An improved detail was used to anchor the reinforcement in the FRP slab.  As discussed 
previously, the top skin is subject to tension during pullout thus decreasing the capacity.  To 
improve the pullout resistance, the bars are anchored in the compression skin.   To accomplish 
this, a headed reinforcement bar was coupled with FRP wafers (6 in. x 6 in.) to improve bond to 
the bottom layer (Figure 51, Figure 52 and Figure 53). When infused with resin, the wafers resist 
pullout by providing positive engagement with the remaining webs and flanges of the FRP 
matrix. 
1114"
Dayton Richmond Headed Splicer
#5 for specimen C
#6 for specimen D
2 Additional plies
of QM6408 (in 6"x6" patch)
placed underneath the rebar
head to improve anchorage
Top & Bottom Skins
Additional plies of 90-degree fiber 
placed in 20" wide strip over the 
width of the slab.
 
Figure 51: Improved Anchorage System for Specimen C and D 
 
Figure 52: Dayton-Richmond headed splice bar  
(http://www.daytonrichmond.com/products/rebarsplicing/dowelbarsplicer/headed.html) 
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Figure 53: Embedded reinforcement with bottom FRP wafer installed 
9.1.2. Wearing Surface 
Field inspection of the Dubois Bridge indicated poor bond behavior between the wearing surface 
and the top skin.  To examine this issue under laboratory conditions a wearing surface was 
included on both specimens C and D.  The surface finish of specimen C and D was improved 
over that of A and B (compare Figure 15 and Figure 54). 
 
Figure 54: FRP slab for specimen C close up 
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The wearing surface consisted of an application of Transpo T-48. The behavior during the 
experiment was qualitatively studied during the testing of specimen C and D.  After the FRP 
slabs are fabricated and cured the top skin was sandblasted to expose the upper layer of glass 
fibers.  The overlay was broomed and seeded with three layers of materials to achieve a 
thickness of 0.375-in., which is the same thickness as the overlayment as the Dubois Creek 
Bridge that is currently in service.  The material (Table 7) was placed on the top surface of the 
FRP slab (Figure 66) at Lehigh University after the parapets were fabricated.  A qualitative 
evaluation of the overlay performance was conducted. 
Installation of the overlay consisted of 5 steps: 
1) Sandblast top surface until fibers are exposed. 
2) Clean surface with acetone 
3) Apply epoxy 
4) Apply resin 
5) Bond Gravel 
 
Step 2 : Clean surface with acetone 
 
Step 3 : Apply epoxy 
TRANSPO
OVERLAYMENT
 
 
 
 
Table 7: Overlay materials 
Transpo-T48 Part A 
Transpo-T48 Part B 
Basalt Indag #8 (aggregate) 
Figure 55: Transpo Overlayment Region  
  Page 46  
step 4 : Apply resin 
 
Step 5 : Bond gravel 
Figure 56: Overlay installation procedure 
The overlay installation technique results in a layer of excess gravel on the surface.  This layer 
was removed by vacuum prior to testing to reduce the errors in the qualitative evaluation.  The 
final pre-tested condition of the overlay is shown in Figure 56.  Note, the variation in the top 
surface of the FRP slab is a result of the variation in the top surface of the FRP slab.  As 
previously mentioned, the as-built system was leveled using an additional resin layer (see section 
8.1).  Consequently, the experimental assemblies may not accurately model the real bridge 
system.  Note that due to de-bonding issues the epoxy overlay on the Dubois Creek Bridge was 
removed and replaced with a bituminous ID-2 wearing surface on October 24, 2003. 
9.2. Phase 2 - Material Properties 
The materials used for the construction of specimen C and D are summarized below. 
9.2.1. Concrete  
The concrete compressive strengths on the day of the experiment are 5.5 ksi and 5.0 ksi for C 
and D, respectively (Figure 57).  Concrete compressive strength testing was conducted according 
to ASTM C39.  Three 6x12 cylinders were tested and averaged. 
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Figure 57: Parapet concrete strength of specimen C and D 
Age  Concrete 
Strength
Standard 
Deviation
[days] [ksi] [ksi] 
7 3.72 0.34 
14 4.72 0.10 
21 5.01 0.10 
28 5.32 0.22 
57* 5.46 - 
64 5.50 0.19 
*Computed 
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9.2.2. FRP  
Brunswick Technologies Inc. glass fiber was used for all fiber reinforcements in specimen C and 
D.  Due to the limited availability of the original QM6408 fiber the arrangement of fiber in 
Specimen C and D has modified from the arrangement used in used in specimens A and B 
(compare Table 8 and Table 9).  The new arrangement provides a density of fiber that is 
comparable to that used in phase 1.  
 
Location Fabric Type # of Layers 0-deg 90-deg 45 -45 Mat
Top and Bottom Skin QM6408 6 157.2 96 72 72 4.5
Side Skins QM6408 2 52.4 32 24 24 0
Front and Back Skin QM6408 3 78.6 48 36 36 2.25
Total Fiber Density [oz/sq.yd.]
 
Table 9: Fiber layout for specimen A and B 
9.2.3. Reinforcement 
The reinforcement consisted of grade 60 ASTM A615 reinforcement.  All bars in the concrete 
were epoxy coated.  Attachment of the deck and the parapet was made using a threaded coupler 
system.  The bar anchored in the deck was not coated with epoxy. 
9.3. Phase 2 Global Response 
9.3.1. Measurement 
Deformation and load were measured at 20-in. from the base of the parapet.  This location was 
chosen to correspond with the AASHTO TL-2 design criteria.  In addition to the global 
deformation, eight other displacements were measured (Figure 19).  All deformations and rigid 
displacements were measured relative to the location of the applied loading at 20” from the base 
of the parapet.  To measure these deformations, nine displacement transducers and three 
inclinometers were used.  The arrangement of external instrumentation is illustrated in Figure 58. 
Global deformation of the system was computed using WP3 and subtracting the deformation 
components due to ∆6, ∆7, and ∆8.   
Table 8: Fiber layout for Specimen C and D 
Total Fiber Density [oz / sq. yd.] Location Fabric Type No. of Layers 0ο 90ο 45ο -45ο Mat 
Q9100 3 156 15 51 51 0 
Q9100 1 5 52 17 17 0 
UM2410 2 0 48 0 0 2 
¾ Mat 2 0 0 0 0 1.5 
Top and Bottom Skins 
Total 8 161 115 68 68 3.5 
Side Skins QM6408 2 52.4 32 24 24 0 
Q9100 2 104 10 34 34 0 
UM2410 2 0 48 0 0 2 Front and Back Skins 
Total 4 104 58 34 34 2 
Bar Anchorage Wafers QM6408 2 42.2 42.2 24 24 1.5 
Bottle Fiber QM6408 1 26.2 16 12 12 0.75 
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Figure 58: Global instrumentation for specimen C and D 
9.3.2. Global Results 
The response of specimen C and D bound the response of specimen A and B (Figure 59).  The 
behavior of specimen D was more ductile than specimen A and B since full development of the 
reinforcement occurred prior to failure.  The ultimate deformation capacity of C and D are 1.52 
in. and 2.83 in.  The variation in stiffness between specimen A, B, C and D is very noticeable.  
The global initial stiffness of C and D are 168 kip/in. and 203 kip/in, respectively.  The global 
stiffness of D was higher than that of C and B.  The reduced size of reinforcement (#5 in C 
versus $6 in D) resulted in greater flexibility in specimen C over that of D. 
The vertical load – deformation response indicates that the FRP slab of specimen A was more 
flexible than that of B, C, and D (Figure 60).  It can be inferred that the low stiffness of specimen 
A is a result of the fabrication error previously discussed.  The variation between B, C, and D 
was minimal.  This indicates that the epoxy wearing surface has a negligible effect on the 
stiffness of the slab.  Comparisons of all specimens indicate that all decks behaved elastically.  
The elastic response of specimen A remained elastic up to the brittle failure mode was achieved.  
Improvement of the reinforcement embedment used on specimen C and D enhanced the shear 
translation resistance of the parapet.  Figure 61 compares the horizontal translation of the parapet 
relative to the slab.  The translation at the TL-2 level was reduced from 0.026-in. and 0.031-in. in 
A and B to 0.016-in. and 0.011-in. in specimen C and D.  On average the horizontal translation 
of the parapet contributed less than 20%  
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Figure 59: Global Load-Horizontal Deformation at Loading Point 
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Figure 60: Global Load-Vertical Deformation 
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Figure 61: Horizontal Rigid Displacement of Parapet 
The observed response and failure modes of the specimens C and D were similar.  The specimen 
C and D exhibited no significant damage to the FRP slab or topping; all damage occurred in the 
reinforced concrete parapet.  The ultimate strength of the specimen was controlled by the 
flexural strength of the parapet with fracture occurring in the tensile reinforcement at the 
interface between the slab and parapet or adjacent to the interface within the parapet region 
(Figure 62).  The failure progression is summarized in Table 10 and Table 11.  Significant 
flexural cracking of the parapet occurred however the behavior was very ductile.  The new 
improved anchorage system (Figure 51 and Figure 52) provided enough capacity to change the 
failure mechanism to from pullout of reinforcement in FRP slab to full development of the 
reinforcement in concrete parapet.  Thus the parapet becomes the sacrificial component during a 
major impact.  This type of damage is above the bridge slab and accessible for repair, thus the 
bridge system can be rehabilitated.  The failure progressions of specimen C and D are 
summarized in Table 10 and Figure 62 and in Table 11 and Figure 63. 
Table 10: Failure progression of Specimen C 
C1. Yielding of some tensile reinforcement and gap opening 
C2. Increasing gap opening 
C3. Cracking of parapet 
C4. Increasing cracking of parapet 
C5. Fracture of parapet occurring in the tensile reinforcement 
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C1  * 
C2  * 
C3 * * 
C4 * * 
Figure 62: Failure progression of Specimen C 
  Page 52  
C5   
Figure 62, Continued. (*Note, crack is enhanced for clarity) 
 
Table 11: Failure progression of Specimen D 
D1. Yielding of some tensile reinforcement and gap opening 
D2. First cracking of parapet 
D3. Second cracking of parapet 
D4. Increasing second cracking of parapet 
D5. Fracture of parapet occurring in the tensile reinforcement 
 
D1   
D2  * 
Figure 63: Failure Progression of Specimen D  
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D3 * * 
D4   
D5   
Figure 63, continued. (*Note, crack is enhanced for clarity) 
The energy adsorbed by the system was computed from the area under the load-displacement 
curve (Figure 64).  The energy adsorbed at the ultimate displacement was 135.3 kip-in (15.3 kJ) 
for specimen C and 313.6 kip-in (35.4 kJ) for specimen D.  For comparison specimen A and B 
adsorbed 142.3 kip-in and 164.9 kip-in, respectively.  The improved anchorage of reinforcement 
embedded in the FRP slab combined with the additional layers of top fibers in the FRP slab 
allowed specimen D to achieve full development of the reinforcement in tension.  This 
mechanism resulted in the significant increase of energy observed. 
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Figure 64: Energy due to response 
9.4. Phase 2 Local Response 
9.4.1. Strain Instrumentation 
To identify possible failure modes, analysis of the specimen was done to assess the behavior of 
overall system and components.  Seven possible failure modes were identified in the first phase.  
Double amount of strain gages were installed to reinforcement in parapet and FRP slab to reflect 
the large amount of loss in the first phase (Figure 67, Figure 68 and Table 12).  Strain gages A, B, 
C and D in the top layer, and E and F in the bottom layer of FRP slab evaluate the flexural 
performance of the FRP slab.  Strain rosettes G, H and I, and strain gages J through N evaluate 
the buckling characteristics of the FRP slab and intra-bottle slip.  Since the maximum moment in 
the parapet occurs at the interface between the FRP slab and the concrete, 21, 23, 25, 27, 29 and 
31 in the parapet are used to evaluate flexural damage.  22, 24, 26, 28, 30 and 32 in the FRP slab 
measure the strain of the steel reinforcement embedded in the FRP slab to evaluate the bond 
between FRP slab and steel reinforcement.  The instrumentation used is summarized in Table 12.  
Due to the construction process a number of gages were damaged, the list of operational strain 
gages is noted.  Positive strain is tension unless otherwise noted. 
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Figure 65: FRP slab strain gage layout 
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Figure 66: Parapet strain gage layout 
Table 12: Instrumentation list 
ID Location Operational? 
  C D 
1 Web of bottle 1A (horizontal) - perpendicular to parapet Yes Yes 
2 Web of bottle 1A (diagonal) - perpendicular to parapet Yes Yes 
3 Web of bottle 1A (vertical) - perpendicular to parapet Yes Yes 
4 Web of bottle 1 (horizontal) - perpendicular to parapet Yes Yes 
5 Web of bottle 1 (diagonal) - perpendicular to parapet Yes Yes 
6 Web of bottle 1 (vertical) - perpendicular to parapet Yes Yes 
7 Web of bottle 3 (horizontal) - perpendicular to parapet Yes Yes 
8 Web of bottle 3 (diagonal) - perpendicular to parapet Yes Yes 
9 Web of bottle 3 (vertical) - perpendicular to parapet Yes Yes 
10 Web of bottle 4 (vertical) - parallel to parapet Yes Yes 
11 Web of bottle 1A (vertical) - parallel to parapet Yes Yes 
12 Web of bottle 1 (vertical) - parallel to parapet Yes Yes 
13 Web of bottle 2 (vertical) - parallel to parapet Yes Yes 
14 Web of bottle 2 external (vertical) - parallel to parapet Yes No 
15 Top flange on the line of tensile rebar (perpendicular to parapet) Yes Yes 
16 Top flange on the line of compressive rebar (perpendicular to parapet) No Yes 
17 Top flange on the line of compressive rebar (perpendicular to parapet) No Yes 
18 Top flange of bottle 4 (diagonal to parapet) Yes Yes 
19 Bottom flange on the line of tensile rebar (perpendicular to parapet) Yes Yes 
20 Bottom flange on the line of compressive rebar (perpendicular to parapet) Yes Yes 
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Table 11, Continued 
21 1" up O.C on re-bar 13.75" from back wall of parapet 20" O.C. from side Yes Yes 
22 3" down O.C. on re-bar. 13.75" from back wall of parapet 20" O.C. from side Yes Yes 
23 1" up O.C on re-bar 2" from back wall of parapet 20" O.C. from side No Yes 
24 3" down O.C. on re-bar. 2" from back wall of parapet 20" O.C. from side Yes Yes 
25 1" up O.C on re-bar 13.75" from back wall of parapet 12" O.C. from side Yes No 
26 3" down O.C. on re-bar. 13.75" from back wall of parapet 12" O.C. from side Yes No 
27 1" up O.C on re-bar 2" from back wall of parapet 12" O.C. from side Yes Yes 
28 3" down O.C. on re-bar. 2" from back wall of parapet 12" O.C. from side Yes Yes 
29 1" up O.C on re-bar 13.75" from back wall of parapet 4" O.C. from side No Yes 
30 3" down O.C. on re-bar. 13.75" from back wall of parapet 4" O.C. from side No Yes 
31 1" up O.C on re-bar 2" from back wall of parapet 4" O.C. from side Yes Yes 
32 3" down O.C. on re-bar. 2" from back wall of parapet 4" O.C. from side No Yes 
9.4.2. Buckling of FRP Slab Webs 
The FRP slab webs effectively resisted overturning of the parapet without buckling.  The 
external web strain is bounded by the fixed and simply supported edge buckling conditions, 
0.00246 and 0.00126.  The largest compressive strain of vertical web in the second phase was 
0.0021 at strain gage 14 of specimen C between 0.00126 and 0.00246 (Figure 67).  Visual 
inspection during the experiment did not reveal any local or global buckling of the external FRP 
slab web.  Webs in the vicinity of the tensile parapet reinforcement (strain gage 10, 11) acted in 
tension resisting pullout (Figure 67). Webs in the compression face of the parapet acted in 
bearing (strain gages 12, 13, and 14).   Strain gage 10D and 11D had a small loss of tensile strain 
after approximately 90 kips.  This could be indicative of small slip of the tensile reinforcement or 
delamination between adjacent bottles.  However 10C and 11C had no significant loss of tensile 
strain.  The strain gages 12, 13 and 14 of specimen C and D had no strain relaxation.  This 
indicates that the improved anchorage and additional top layer of FRP slab inhibited FRP slab 
fracture of specimen A and pullout failure of specimen B. 
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Figure 67: Vertical web strain 
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9.4.3. Intra Bottle Slip 
The presence of the bar anchorage in the slab effects the bottle to bottle compatibility.  Strain 
gages 10C, 11C, 10D and 11D indicated that the adjacent FRP slab bottles in the vicinity of the 
tensile parapet reinforcement did not act as one (Figure 68).  Slip between bottle 1A and 4 
occurred at the low level of strain.  However strain gages 12C, 13C, 12D and 13D indicated that 
the adjacent FRP slab bottle in the vicinity of the compressive parapet reinforcement acted as 
one.  It can be inferred that the tensile load from the embedded reinforcement can cause internal 
delamination of the bottles.  This supports the pullout failure mechanism discussed for specimen 
B (Figure 47).   
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Figure 68: Intra-bottle slip  
9.4.4. Reinforcement Behavior 
The integrity of the reinforced concrete parapet connection to the FRP slab relies on proper 
anchorage of the reinforcement in the concrete and the FRP slab.  The system was instrumented 
to evaluate if this mode of failure occurred.   Yielding initiated within the concrete parapet and 
continued until the fracture strain was reached.  The reinforcement was instrumented above and 
below the concrete/FRP interface.  The strains measured on the tensile reinforcement on the 
inside face of the parapet exhibited significant yielding (Figure 69).  In specimen C yielding 
initiated in the concrete at a lateral load of approximately 10 kips (strain gage 21C and 25C).  In 
specimen D, yielding did not occur until approximately 100kips (strain gage 21D and 29D).  
Smaller bars may have contributed to the early yielding of reinforcement.  Yielding progressed 
into the slab at very high load levels (strain gages 22 and 30).  This strain was maintained for the 
remainder of the test.  Recall that for specimen A and B, the reinforcement in the slab quickly 
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reduced to a strain of zero when subject to tension (Figure 34). The improved anchorage system 
inhibited the pullout of reinforcement from FRP slab.  The details allowed for full development 
of yield in the tensile reinforcement thus meeting the requirements of AASHTO A13.1.2. 
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Figure 69: Strain in Reinforcement on Tension face of Specimen C and D 
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Figure 70:  Strain in Reinforcement on Compressive Face of Specimen C 
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Figure 71:  Strain in Reinforcement on Compressive Face of Specimen D 
Flexural strength of the parapet was limited to fracture of the tensile reinforcement at the 
interface between the slab and parapet (Figure 72).  Bar fracture occurred within the thread and 
adjacent to the threaded connection within the parapet. No visible bar slip from the slab was 
observed.  
   
a) specimen C b) specimen C c) specimen D d) specimen D 
Figure 72:  Fracture of Tensile Reinforcement of Specimen C and D 
9.4.5. FRP Slab Flexural Response 
Fracture or buckling of the FRP slab for specimen C and D was not detectable after ultimate 
loading.  The strain measured on top flange and bottom flange is shown in Figure 73 and Figure 
74.  The strain in the top flange at the line of tensile reinforcement exhibits a linear strain 
response (gage 15 and 17).  A similar linear response was measured on the bottom flange in gage 
21, 25, 29
22, 26, 30
23, 27, 31
24, 28, 32
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19.  As shown the response is comparable between specimen C and D.  The bottom flange was 
not heavily stressed near the edge (gage 20 remained close to zero).  The nonlinearity measured 
in the top flange does not coincide with the expected elastic brittle performance of FRP.  The 
nonlinearity can most likely be attributed to the combined axial tension and out-of-plane bearing 
that occurs as the parapet overturns.  In either case, the high strain values are localized to the slab 
edge and are significantly below the fracture strain.  
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Figure 73: Longitudinal strain in top layer of FRP slab 
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Figure 74: Longitudinal strain in bottom layer of FRP slab 
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9.5. Phase 2 Conclusions 
In phase 2, two reinforced concrete parapet-to-FRP slab subassemblies were fabricated.  To 
improve pullout resistance of the reinforcement embedded in the FRP slab, headed bars were 
used in conjunction with FRP wafers.  The flange was strengthened with additional layers of 
FRP to improve the flexural resistance of the slab to parapet impact.  These subassemblies were 
loaded laterally to failure under displacement control.  The results of this phase can be 
summarized in the following points: 
• The subassemblies failed due to flexural damage to the reinforced concrete parapet.  
Ultimate strength was controlled by the fracture of the reinforcement at the interface 
between parapet and slab. 
• Anchorage of the slab reinforcement using headed bars and bonding wafers resulted in 
no bond loss or damage to the slab system.  The improved technique also decreases the 
translational stiffness between the parapet and slab.   
• Use of the discussed anchorage techniques in a honeycomb FRP slab system will allow 
for the full strength development of the parapet reinforcement.  
• The details used meet the anchorage requirements of AASHTO A13.1.2 
• Use of #5 reinforcement results in yielding of the tensile reinforcement in the parapet at 
a load level below the TL-2 demand.  To resist the TL-2 demands at stress levels within 
the elastic range #6 or larger reinforcement should be used to anchor the parapets. 
• The FRP slabs behaved elastically up to the ultimate load.  The use of an epoxy overlay 
had negligible effect on the stiffness of the slab. 
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10. PHASE 3 – REHABILITATION MEASURES 
10.1. Specimen Configuration 
With widespread construction of this bridge system the parapet will inevitably be subject to an 
impact.  To assess the feasibility for repair, a rehabilitation method is evaluated in the laboratory.  
The repair/rehabilitation components were designed to resist the forces resulting from the 
"design" lateral load on the parapet in accordance with standard AASHTO LRFD code 
provisions.  The applied design lateral load is equal to the performance level TL-2 that was used 
for the Dubois Creek Bridge.  To accomplish this, the rehabilitation system was designed to 
resist an ultimate capacity of 27 kip horizontal force applied at 20” (TL-2) without contribution 
of the parapet tensile reinforcements.  Two specimens E and F were rehabilitated from damaged 
specimen C and D, respectively.  The rehabilitation consisted of an anchorage system applied to 
the inside face of the parapet (Figure 75 and Figure 76).  The anchorage consisted of a fabricated 
steel bracket attached externally between the FRP slab and parapet.   The steel brackets were 
made by welding structural angles and steel plate (Figure 77).  Four anchor bolts (B7 all thread 
rod) penetrated the parapet at 9" above the top of FRP slab and connected the steel brackets to 
the parapet in shear.  Two threaded rods transferred the bracket uplift force to a structural angle 
for specimen E and steel plate for specimen F.   
Two repair techniques were investigated.  In specimen E, the damaged parapet was removed and 
rebuilt; the tensile reinforcement was not replaced (Figure 75).  For specimen F, the damaged 
region of the parapet was repaired and the bracket was installed.  To do this, the concrete in the 
vicinity of the tensile reinforcement at the interface of FRP slab was chipped, the tensile 
reinforcement was cut, and the area was grouted (Figure 76). 
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Figure 75: Rehabilitation system of specimen E (rehabilitated from C) 
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Figure 76: Rehabilitation system of specimen F (rehabilitated from D) 
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Figure 77: Steel Bracket and Strain Gages for Specimen E and F 
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10.2. Material Properties 
The compressive strengths of specimen E on the day of the experiment was 4.92 ksi with 
standard deviation 0.094 ksi. Concrete compressive strength testing was conducted according to 
ASTM C39.  Three 6x12 cylinders were tested and averaged.  The compressive strength of grout 
used in specimen F (Figure 76) was 6.28 ksi with standard deviation 0.430.  Compressive 
strength testing for grout was conducted according to ASTM C579-96.  Six 2-inch cubes were 
tested and averaged (Figure 78).  The reinforcement of specimen E consisted of grade 60 ASTM 
A615 reinforcement.  All bars in the concrete were epoxy coated. 
Figure 78: Compressive strength test for grout 
10.3. Phase 3 Global Response 
Deformation and load were measured at 20-in. from base of parapet.  To measure global 
deformation and eight other displacements, nine displacement transducers and three 
inclinometers were used as same as phase 2 (Figure 58).   
Comparing the response of specimen C and E in Figure 79, using a restraining bracket with a 
newly cast parapet will result in a response comparable to the original system.  Repair of only the 
damaged concrete zone results in a considerable decrease in the ultimate strength.  However for 
both cases the use of an external unconfined steel bracket greatly improves the displacement 
capability of the parapet. 
Specimen E and F exhibited more ductility than specimen C and D (Figure 79).  The ultimate 
deformation capacity of specimen E and F are 2.98 in. and 2.94 in., respectively.  The variation 
in stiffness of specimen E and F is very noticeable (Figure 79).  The global secant stiffness of E 
and F up to TL-2 load level is 327 kip/in. and 122 kip/in., respectively.  Specimen E has a higher 
load capacity than F, (compare 147.0 kips and 130.6 kips).  Differences between specimen E and 
F are reinforcement size and a newly cast parapet.  Although the reinforcement size of specimen 
E is smaller than that of specimen F, the re-cast parapet of specimen E resulted in a higher load 
capacity than specimen F.  The damaged concrete at compressive face of specimen F shifted the 
neutral axis of concrete parapet at the face of FRP slab toward the tensile steel bracket (Figure 
80).  This reduces the moment arm and results in a higher tension force in the steel bracket at the 
same lateral force.  Measured strains of steel bracket for specimen E and F are shown in   
Figure 81.  The bracket for specimen F was subjected to higher demands due to the pre-damaged 
parapet compression zone. 
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Figure 79: Global Load-Horizontal Deformation at Loading Point 
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Figure 80: Distance from the outside face of parapet to neutral axis 
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Figure 81: Strain of steel bracket 
10.3.1. Progression of Failure 
The observed response and failure modes of specimen E and F were similar.  Visible gap 
opening was noted in both specimens beyond the TL-2 level.  At higher load levels, the threaded 
rods were extended and cracks in the parapet were propagated.  In specimen E, bearing failure of 
base plate, L4x4x½ (A36), occurred at the bottom of FRP slab and a threaded rod was bent 
(Figure 82 E5).  To avoid the bearing failure, 1½ inch thickness A572 steel plate was used for 
specimen F.  The ultimate strength of the specimen F was controlled by the tensile strength of 
threaded rod.  A threaded rod connected to steel bracket B was fractured and the other was 
fractured after small fall of loading.  The failure progression is summarized in Table 13 and 
Figure 82. 
Table 13: Failure progression of specimen E and F 
Specimen E 
E1. Gap opening (FRP slab-to-parapet 
interface) 
E2. Cracking of parapet 
E3. Elongation of threaded rod and 
deformation of angle as base plate 
E4. Bearing failure of base plate 
E5. Damaged angle and deformed threaded rod 
Specimen F 
F1. Gap opening (FRP slab-to-parapet 
interface) 
F2. Cracking of parapet 
F3. Elongation of threaded rod 
F4. Pullout of threaded rod  
F5. Steel plate and fractured threaded rod 
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Figure 82: Failure progression 
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E5 F5 
Figure 82, Continued 
10.3.2. Energy Adsorption 
The energy adsorbed at the ultimate displacement was 333.3 kip-in (37.7 kJ) for specimen E and 
261.2 kip-in (29.5 kJ) for specimen F, comparing 135.3 kip-in for specimen C and 313.6 kip-in 
for specimen D.  The anchorage system for rehabilitation and new concrete of specimen resulted 
in the higher energy absorbing capacity (Figure 83). 
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Figure 83: Energy due to response 
10.4. Phase 3 Conclusions 
In phase 3, the tested specimens C and D were repaired and re-evaluated using and external 
bracket.  In the first case the parapet was completely removed and re-cast (specimen E). In the 
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second specimen the damaged portion of the parapet was repaired with high strength grout and 
strengthened with a external bracket.  These subassemblies were loaded laterally to failure under 
displacement control.  The results of this phase can be summarized in the following points: 
• The designed steel rehabilitation bracket resists parapet impact loads by yielding of the 
vertical leg and fracture of the tensile anchor.   
• The external bracket provides a robust repair method for damaged parapets on FRP 
slabs or other systems where the deck anchorage reinforcement cannot be easily 
repaired. 
• The use of a newly cast parapet and bracket compares well with the original strength 
but with improved displacement capability.   
• Repairing a damaged parapet with high strength grout and an external bracket will 
result in a less effective repair (than complete replacement) but still provides a system 
that greatly exceeds the design strength.  Economical advantages may outweigh the 
marginal loss in strength that is achieved from this repair. 
• Proper bearing of anchorages on the vertical webs are important for Honeycomb FRP 
slabs.  Failure to do this will result in local flexural damage to the compression flange. 
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11. PARAPET ACCEPTANCE 
NCHRP Report 350 details the recommended procedures for the safety performance evaluation 
of highway features [Ross 1993]. According to this report, acceptable performance consists of 
the ability to “redirect the vehicle; the vehicle should not penetrate, underride, or override the 
installation although controlled lateral deflection of the test article (parapet) is acceptable. The 
test article should readily activate in a predictable manner by breaking away, fracturing, or 
yielding.”  NCHRP 350 includes a variety of structural elements within the definition of “test 
article,” including impact barriers and sign structures.  While some test articles produce the 
safest behavior by breaking away or fracturing, bridge parapets do not.  The bridge parapet 
should be prevented from break away or fracture.  This mode of failure in a bridge system could 
result in a vehicle or parapet falling off a bridge and impacting traffic or people below.   
The structural function of the bridge parapet is to redirect the vehicle impact.  Safety is provided 
by containing the vehicle on the bridge system and preventing it from movement into adjacent 
lanes.  Energy adsorption is not considered to be one of the design characteristics of the 
reinforced concrete system and is typically accounted for in the crash resistance of vehicles.  
Consequently, the design of the parapet is based on achieving a force limit.  AASHTO LRFD 
Bridge Design Specifications 1998 allow for use of a yield line mechanism in achieving the force 
limit.  The yield line mechanism can form within the parapet if adequate longitudinal length is 
provided.  For short longitudinal lengths the parapet is allowed to form a yield line at the 
interface between the parapet and deck.  Both cases require that yield does not enter into the 
deck.   
For safest behavior: 
• The parapet should have a predictable yield mechanism.   
• The parapet should redirect the vehicle while preventing override  
• The parapet should not exhibit a brittle fracture mechanism 
• Damage should not occur in the supporting deck. 
The nominal flexural capacity of the parapet can be computed using the standard assumptions for 
a doubly reinforced concrete beam (ACI 318); these values are in Table 14.  The predicted 
nominal strengths correspond well with the occurrence of global yield of the parapet (Figure 84).  
In all cases the nominal capacity is much higher than the TL-2 27 kip lateral load level.  Less 
than 1-degree of parapet rotation occurs at the design load level (Figure 84).   This magnitude of 
rotation is on the order of construction errors.  Consequently, the parapet should safely redirect a 
vehicle on impact.    
Table 14: Nominal capacity 
 A B C D E F 
Nominal flexural capacity 2257 2265 1702 2282 1427 1360 
Lateral load at nominal 112 113 85 114 71 68 
Measured ultimate capacity 151 138 137 183 147 131 
 
The parapet connection details used in the existing Dubois Creek Bridge produce damage to the 
supporting slab (Specimens A and B).  Use of headed embedded reinforcement bars allow for the 
  Page 72  
development of the full strength of the parapet without damage to the supporting slab 
(Specimens C and D).  As a means of retrofitting these systems an exterior plate can be bolted to 
the deck using all-thread bars (Specimen F).  The details of specimen C, D, and F are 
recommended for future applications. 
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Figure 84: Parapet rotation 
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12. CONCLUSIONS 
Investigations of reinforced concrete parapet-to-FRP slab connections were carried out to 
examine the behavior and to identify any shortcomings that the system may exhibit when 
subjected to lateral impact loads.  Strengthening techniques and rehabilitation methods were 
developed to improve the performance of the connection and to provide a means of repair after 
impact.  These goals were achieved through six full-scale experiments (A through F) of the 
reinforced concrete parapet-to-FRP slab connection.  Specimens A and B represented the details 
used in a demonstration bridge project in Pennsylvania.  Specimens C and D represents 
improved connection methods, while E an F represent rehabilitation methods. 
Specimen A failed due to brittle fracture of the top layer of FRP slab at the location of the tensile 
steel reinforcement.  The fracture of top layer of FRP slab resulted from fabrication defects of 
the FRP slab.  Specimen B failed due to abrupt pullout of the tensile reinforcement embedded in 
FRP slab. The ultimate load of specimen A and B greatly exceeded the AASHTO TL-2 design 
load of 27 kips.  Prior to the TL-2 level, gap opening between the parapet and FRP slab on both 
specimen A and B, and cracking of the external web on specimen A was observed.  No buckling 
of the FRP slab was observed.  The experimental performance of specimen A and B indicates 
that the current design of reinforced concrete parapet-FRP slab connection may be adequate for 
the TL-2 design load level.  However, the observed failure mechanisms of specimen A and B are 
not desirable and may result in abruptly loss of the parapet. 
Additional skins of FRP sheeting were added to top layer of FRP slab for both specimen C and D 
to avoid the fracture of FRP slab occurring in specimen A.  Improved anchorage of 
reinforcement embedded in FRP slab to inhibit abrupt pullout occurring in specimen B.  Both 
specimen C and D achieved full development of the reinforcement in the concrete parapet.  The 
behaviors of specimen C and D were more ductile than those of specimen A and B.  Specimen D 
had higher ultimate load capacity than specimen A and B due to the improved anchorage system.  
Although a smaller size of steel reinforcement was used in specimen C (#5), the ultimate load of 
specimen C almost equaled that of specimen B.  Neither crack of external web or buckling of the 
FRP slab was observed.  The failure mechanisms of specimen C and D provide greater margin of 
safety against failure than specimen A and B, and have an advantage for potential rehabilitation 
after impact. 
A rehabilitation system was developed for damaged concrete parapet and FRP slab-concrete 
parapet connection.  Specimen E and F were rehabilitated from damaged specimen C and D, 
respectively.  In specimen E the damaged parapet was removed and new compression 
reinforcement transverse reinforcement was installed.  A new parapet was cast and brackets were 
installed.  In specimen F the damaged portion of concrete in the vicinity of the tensile parapet 
reinforcement was removed.  The tensile reinforcement was cut, the section was grouted, and the 
bracket was installed.  Specimen E failed due to the bearing failure of base plate (½ inch 
thickness A36 steel) followed by fracture of the threaded rod connecting the bracket to the FRP 
slab.  To avoid bearing failure, 1 ½ inch thickness A375 steel was used for base plate.  Specimen 
F failed due to the fracture of threaded rod.  Both specimen E and F were more ductile than 
specimen C and D, and had lower ultimate load capacity than specimen C and D.  However the 
ultimate load capacities of both specimens were much higher than the TL-2 design load level.  
Although the compressive reinforcement of specimen E is smaller than that of specimen F, the 
newly cast concrete of parapet of specimen E produced a higher load capacity than specimen F. 
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Through the research program the following conclusions can are made: 
• Fabrication techniques of the FRP play a vital role in the strength of the system.  Poor 
fabrication (specimen A) led to brittle fracture of the slab at 20% of the expected 
capacity.  Non-destructive evaluation of the material should be conducted prior to service 
to ensure system integrity. 
• When properly fabricated, the cellular construction used by Hardcore Composites 
provides a robust slab system.  Results show that a properly fabricated slab remains 
composite up to the ultimate load. 
• The connection details used for the Dubois Creek Bridge provide enough strength to 
exceed the demands imposed by the AASHTO TL-2 load level.   
• Gap opening between parapet and the slab can be observed prior to the TL-2 load level.  
Due to the elastic behavior of the system the gap will close on unloading.  
• The ultimate failure of the parapet to slab connection is due to brittle bond loss of the 
reinforcement embedded in the FRP slab. 
• Current anchorage methods rely on reinforcement-to-resin transfer and passive 
confinement of the top skin.  To prevent a brittle failure in the Dubois Creek Bridge, the 
anchorage of the reinforcement in the slab should be improved. 
• Existing anchorage details (A and B) do not meet the AASHTO A13.1.2 that “reinforcing 
steel for concrete barriers shall have embedment length sufficient to develop the yield 
strength.” The anchorage improvements used in specimen C and D and the retrofit E and 
F are shown to meet the requirements.  
• Anchorage of the slab reinforcement using headed bars and bonding wafers results in no 
bond loss or damage to the slab system.  Use of the anchorage methods presented allow 
for full development of the reinforcement at the interface between the parapet and slab.  
The improved technique also decreases the translational stiffness between the parapet and 
slab.   
• Use of #5 reinforcement at 8-in. spacing results in yielding of the tensile reinforcement in 
the parapet at a load level below the AASHTO TL-2 demand.  To resist the TL-2 
demands at stress levels within the elastic range, #6 or larger reinforcement at 8-in. 
spacing should be used to anchor the parapets. 
• The FRP slabs behaved elastically up to the ultimate load capacity of the parapet.   
• The use of an epoxy overlay had negligible effect on the stiffness of the slab. 
• The steel rehabilitation bracket presented resists parapet impact loads by yielding of the 
vertical leg and fracture of the tensile anchor.   
• The external bracket provides a robust repair method for damaged parapets on FRP slabs 
or other systems where the deck anchorage reinforcement cannot be easily repaired. 
• The use of a newly cast parapet and bracket compares well with the original strength but 
with improved displacement capability.   
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• Repairing a damaged parapet with high strength grout and an external bracket will result 
in a less effective repair (than complete replacement) but still provides a system that 
greatly exceeds the design strength.  Economical advantages may outweigh the marginal 
loss in strength that is achieved from this repair. 
• Proper bearing of anchorages on the vertical webs are important for Honeycomb FRP 
slabs.  Failure to do this will result in local flexural damage to the compression flange. 
• The improved connection detail and the retrofit details used meet the performance criteria 
of NCHRP 350 under static loading.  Dynamic testing should be conducted to verify the 
performance of the FRP under real time impact loads.  
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13. FUTURE WORK 
While the present research provides a comprehensive study of honeycomb FRP-to-reinforced 
parapet behavior further examination of a few topics could be investigated to supplement this 
work.  
Future research should include:   
1) Full size impact load tests on large bridge spans to verify the development of the 
expected AASHTO parapet yield-line mechanism.  This will validate the AASHTO 
yield-line concept and provide a proof test for longer span FRP applications. 
2) Ultimate strength tests on the honeycomb Bridge deck system to investigate the potential 
application for long span bridges. 
3) Further examination of the wearing surface delamination present in the as-built bridge 
system and the development of a reliable wearing surface application technique. 
4) Non-destructive evaluation techniques such as impact-echo methods should be developed 
for inspection of FRP slab systems to ensure FRP strength prior to installation.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  Page 77  
14. REFERENCES 
ACI 318-95, Building Code Requirements for Structural Concrete and Commentary. American 
Concrete Institute, 2002. 
American Association of State Highway and Transportation Officials, AASHTO LRFD Bridge 
Design Specifications, Washington, DC, 2000.  
ASTM, Standard Test Method for Compressive Strength of Cylindrical Concrete Specimens: 
Designation C39-96. ASTM Standards, American Society for Testing Materials, Philadelphia, 
Pennsylvania, 1996. 
Catbas, H., “Analysis of Dubois Creek Bridge, Susquehanna County Analysis Report,” Revision 
B, Hardcore Composites, July 2002, pp.11. 
Ross, H.E., Sicking, D. L., Zimmer, R. A., Michie, J. D., “NCHRP Report 350: Recommended 
Procedures for the Safety Performance Evaluation of Highway Features,” Washington D.C.: 
National Academy Press, 1993. 
Roark, R., and Young, W., C., “Roark's formulas for stress and strain,” 6th ed., New York: 
McGraw-Hill, 1989, pp.763. 
  Page 78  
15. APPENDIX 1 – CONCRETE MIX DESIGN 
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